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Abstract 
The polyurethane foam (PUF) disk-based passive air samplers (PAS), mounted inside two aluminium bowls to buffer 
the air flow to the disk and to shield it from precipitation and sunlight, were used for the collection of atmospheric 
POPs in Singapore during April 2008eJune 2008. Data obtained from PAS measurements are compared to those from 
active high-volume air sampling (AAS). Single factor ANOVA tests show that there were no significant differences 
in chemical distribution profiles between actively and passively collected samples(PAHs, F=3.38×10-8) < Fcritica l= 
4.17 with p>0.05; OCPs, F=2.71×10-8< Fcritical = 4.75 with p > 0.05). The average air-side mass transfer coefficient 
(kA) for PAS, determined from the loss of depuration compounds such as 13C6-HCB (1000 ng), 13C12 - 4,4’ DDT 
(1000 ng) and 13C12-PCB 101 (1000 ng)spiked on the disks prior to deployment, was 0.12 ± 0.04 m s-1. These 
values are comparable to those reported previously in the literature. The average sampling rate was 3.78 ± 1.83 m3 d-
1 for the 365 cm2 PUF disk. Throughout the entire sampling period (~68 d), most of the PAHs and all OCPs 
exhibited a linear uptake trend on PAS, while naphthalene, acenaphthylene, acenaphthene and fluorene reached the 
curvilinear phase after the first ~30 d exposure. Theoretically estimated times to equilibrium (teq) ranged from 
around one month for Acy to hundreds of years for DB(ah)A. Sampling rates, based on the time integrated active 
sampling-derived concentrations and masses collected by PUF disks during the linear uptake phase, were determined 
for all target compounds with the average values of 2.50 m3 d-1 and 3.43m3 d-1 for PAHs and OCPs, respectively. 
More variations were observed as compared to those from th depuration study. These variations were most likely due 
to the difference of physicochemical properties of individual species. The validation and calibration work conducted 
for PAS in this study clearly indicates that it would be feasible to use such an economic PAS for routine 
measurements of POPs in the tropical atmosphere at a large network of sampling locations. 
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1. Introduction 
Persistent organic pollutants (POPs), including polyaromatic hydrocarbons (PAHs) and organochlorine 
pesticides (OCPs) in the atmosphere can be collected in an active way by a pump to draw air through the 
sampling media, or passively using diffusion and sorption mechanisms to trap the target gaseous 
compounds into the sampling adsorbents [1]. Active sampling using a high-volume sampler is the 
conventional approach. However, the cost, power supply needs and instrument maintenance of active 
samplers would not allow the collection of samples in remote areas, or simultaneous operations at a 
network of sampling locations for spatial mapping of POPs. More recently, various studies have shown 
that passive air samplers (PAS) such as semipermeable membrane device (SPMDs), polyurethane foam 
(PUF), XAD resin, tristearin-coated fiber glass sheets, polymer-coated glass samplers and polyethylene 
based sampler are useful sampling tools for POPs given their lower costs and convenience of deployment 
over different areas at the same time [2-4]. 
Although passive samplers were first available in the 1930s, they were not mathematically 
characterized using Fick’s law of diffusion until 1973 [5]. With the development of passive air samplers, 
modeling theory was developed to describe the uptake of volatile organic compounds [6] and extended to 
quantitatively explain the transfer of POPs from the gaseous phase to a passive sampler [7]. The uptake of 
a chemical by the passive sampler is described as equivalent to the rate of uptake minus the rate of loss [8].  
The uptake profiles of POPs in passive samplers generally go through the linear phase, curvi-linear phase 
and equilibrium phase with the exposure time.  Polyurethane (PUF) disk passive samplers have been 
sufficiently characterized in terms of theory and application to derive air concentrations of POPs in both 
indoor and outdoor environments [1,8-10]. Most of these studies were conducted in temperate regions.  The 
use of PUF disks as passive samplers for routine measurements of POPs in tropical areas has not been 
systematically investigated under prevailing field conditions. Since reduction of persistent organic 
pollutants is now the focus of a coordinated international regulatory framework, their concentration data 
in the tropical atmosphere are needed from a large network of sampling locations to assess the 
effectiveness of local pollution control efforts. .  
In this study, PUF disks were utilized in a custom-designed enclosure with passive air sampling 
configuration. We selected PUF for the study because it is routinely deployed in conventional (active) 
high-volume air samplers and key information is already available on how POPs partition to PUF from 
our previous work [11]. The feasibility of using PAS to determine the occurrence of POPs in Singapore is 
investigated. In order to present the measurements in volumetric air concentrations, it is necessary to 
know the sampling rate of PAS for particular chemicals. Therefore, the depuration study by using 13C 
labeled POPs standards was adopted; in addition, the sampler was calibrated by comparing the 
concentration data from PAS to the results of conventional active sampling that was performed 
simultaneously.  
2. Results and Discussion 
2.1. Sampling Rate from Depuration Study 
To assess the kinetics of the sampling rates of individual passive samplers quantitatively, depuration 
compounds (DCs) were added to each of the PUF disks prior to their deployment. DCs can be isotopically 
labeled or unlabeled chemicals that exhibit negligible concentrations in air. Because the uptake of POPs is 
mostly air-side controlled, the rate of uptake of chemicals will be the same as the rate of loss [12]. The 
extent of their loss can be measured in terms of their individual recoveries. Thus, the air-side mass 
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transfer coefficient, kA (cm d-1), can be calculated from the recovery of depuration compounds initially 
spiked into the PUF disks using 
A
0
In( ) ( )t PUF A
C K
k
C t
δ −= − × ×         (1) 
where Ct and C0 are concentrations in the disk at the final time and starting time respectively, δ is the 
effective thickness of the PUF disk, t is the time of exposure and KPUF-A is PUF-air partition coefficient 
(similar to the octanol-air partition coefficient KOA). KPUF-A has been estimated according to the 
relationship between KPUF-A and KOA derived for persistent organic pollutants (POPs) by Shoeib and 
Harner [9] as 
 20.6366 3.1774 ( 0.87)PUF A OALogK LogK r− = − =      (2) 
All KPUF-A values have been temperature-corrected based on the temperature correction of KOA values 
[13,14]. The air sampling rate, R (m3 d-1), could be obtained by multiplying kA by PUF disk’s surface, APUF 
(cm2).  Ideally the DCs should have recoveries between 20 and 80% of their initial amount to enable the 
linear sampling rate of individual PAS to be determined during the deployment period. The recovery of 
13C12-4, 4’ DDT (93%) is out of the recommended range and therefore it is not considered for this study. 
 
kA ranges between 0.079 ~ 0.16 cm s-1 with the mean value of 0.12 cm s-1 for the 365 cm2 PUF disk.  
The kA found for 13C6-HCB (0.079 cm s-1) in this study compares well with that for d10-phenanthrene 
with 0.093cm s-1 in the Philippines [8] and the average value of 0.10 cm s-1 from PCB-30 and d6 γ-HCH in 
the Great Lakes basin [10]. 13C6-HCB, d10-phenanthrene, PCB-30 and d6 γ-HCH have log KPUF-A values of 
approximate magnitudes with 5.79, 5.92, 6.02 and 6.25, respectively.  The average kA from 13C6-HCB 
and 13C12 - PCB 101 was used to estimate the sampling rate, R, in order to cover a wider range of KPUF-A 
values to make these depuration reference compounds more typical for POPs. The average sampling rate 
obtained was 3.78 m3 d-1 with measurements ranging from 2.48 to 5.07 m3 d-1.  Consequently, the 
equivalent air sampling volume derived from depuration study during the entire passive sampling period 
(66.7d) was 252.1 m3 in this study. 
2.2. Uptake Trends of POPs in PUF Disks 
   Accumulation trends of representative compounds are shown in Figure 1, where the amount sequestered 
with the increasing length of deployment has been normalized to the total amount collected during the 
entire exposure period (~67.6 d). In Figure 1, it can be seen that the concentrations generally increased 
linearly in the PAS over two month time. However, the linear uptake phase of Naph, Acy, Ace and Flu 
was only for the first ~30 days, after which the concentrations in the samplers for these compounds 
started to deviate from the linear uptake trend (Figure 1 (a)). This might indicate that these more volatile 
chemicals, with lower PUF-air partition coefficients (KPUF-A), were approaching equilibrium relatively 
faster than those with higher KPUF-A. This trend is consistent with what Chaemfa et al. [1] and Shoeib and 
Harner [9] observed for polychlorinated biphenyls (PCBs), especially those low molecular weight 
congeners in Lancaster and in indoors environment in Toronto, respectively. Other POPs targeted here 
showed a continuous rising profile from the beginning until the end of field deployment. On the other 
hand, it has to be noted that the gaseous concentrations (CA) of POPs were not constant. Equation (4) 
clearly showed that the slope of the uptake trend is affected by CA. This might be one of the factors which 
induced that the sequestered POPs amounts slightly scattered from the linear uptake trends even before 
they reached the curvilinear phase as observed in Figure 1.  
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    As the concentration in the sampler increases, elimination loss of the target compounds from the 
sampler becomes more important and uptake will move into the curvilinear stage. The time taken to attain 
equilibrium is influenced by sampler and analyte characteristics. The time to effective equilibrium, 
defined here as when CP (the concentration of target compounds in PAS) reaches 95% of its true 
equilibrium value, can be estimated using the uptake rate kA and the KPUF-A corrected by Equation (2) [9] 
3
eq PUF A
A
t K
k
δ
−=          (3) 
The teq (d) values determined for POPs are listed in Table S1. Estimated times to equilibrium (teq) 
ranged from around one month for Acy to hundreds of years for DB(ah)A. The low molecular weight 
compounds, especially Ace, Acy and Flu, have much shorter teq as compared to other compounds, and 
their theoretical estimated values are quite comparable to the observed ones from the field work through 
trend analysis (Figure 1). From Equation (3), it can be seen that the time required for PUF disks to get 
saturated is dependent on their size (δ, ratio of volume to surface area) once the individual compound is 
targeted and the environment conditions are stable, especially the uniform temperature. 
 
 
 
 
 
 
 
 
Figure 1 Accumulation trends of POPs in passive samplers over two month exposure 
2.3. Passive Sampler Uptake Rate 
Time integrated active sampling – derived concentrations and masses collected by each PUF disk 
sampler during the calibration experiment were determined for all POPs targeted. To determine the 
sampling rates of individual PAH and OCP compounds, the equivalent air volumes sampled by each PUF 
disk over a given exposure period, Veq, can also be calculated using  
eq A PUF
A
MV k A t
C
= = Δ         (4) 
where M is the mass of individual compound collected by PUF disks over the linear uptake phase, CA is 
the gaseous concentrations of individual compound by high-volume sampler during the linear uptake 
phase and Δt is the time for linear uptake phase. The Veq values were plotted against the linear uptake 
exposure time of the PUF disks. The slope of the linear regression plots obtained was defined as the 
passive air sampling rate (Veq = RΔt, where R = kAAPUF) of the passive samplers for POPs. kA, equivalent 
to the gas phase deposition velocities of POPs, were calculated given that kA = R/APUF. A summary of 
PUF disk passive sampling rates and kA derived from time integrated active and passive samplings for all 
quantified POPs in Table 1. 
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Table 1. Mass transfer coefficients (kA), sampling rates (R) and theoretical equilibrium time (teq) from 
passive sampling calibration experiment with assistance of active sampling during April 2008-June 2008 
determined for all POPs targeted 
 
Compound R (m3 d-1) r2 kA (cm s-1) teq (d) 
PAHs 
Naph 1.66 0.94 0.053 N.A. 
Ace 1.33 0.82 0.042 32.2 
Acy 2.58 0.97 0.082 26.3 
Flu 3.14 0.91 0.099 44.1 
Phe 1.77 0.98 0.056 1.5×102 
Ant 1.46 0.97 0.046 1.8×102 
Flt 1.66 0.89 0.053 9.2×102 
Pyr 2.51 0.99 0.079 8.5×102 
B(a)A 1.99 0.98 0.063 7.0×103 
Chr 2.68 0.97 0.085 7.2×103 
B(b)F 2.28 0.96 0.072 3.2×104 
B(k)F 4.50 0.99 0.14 3.3×104 
B(a)P 2.43 0.96 0.077 4.4×104 
Ind 3.07 0.95 0.097 1.5×105 
DB(ah)A 3.29 0.94 0.10 1.9×105 
B(ghi)P 3.70 0.98 0.12 1.8×105 
Avg. ± S.D. 2.50 ± 0.87  0.079 ± 0.027  
OCPs 
α-HCH 3.29 0.94 0.10 N.A. 
β-HCH 3.07 0.95 0.097 9.0×102 
γ-HCH 2.78 0.92 0.088 N.A. 
δ-HCH 3.12 0.88 0.099 8.5×102 
4,4’-DDD 3.75 0.95 0.12 5.6×103 
4,4’-DDE 4.32 0.95 0.14 2.8×103 
4,4’-DDT 3.73 0.94 0.12 3.6×103 
Avg. ± S.D. 3.43 ± 0.52  0.11 ± 0.02  
      * N.A.- teq incalculable due to the unavailability of KOA in literatures 
 
Veq, determined by Equation (4), showed strong correlations with the exposure time for both PAHs and 
OCPs, implying a good linear uptake of these POPs in the PUF disk passive samplers over the calibration 
period, namely, the linear uptake phase.  The sampling rates varied from 1.33 to 3.70 m3 d-1 for individual 
PAHs with the average of 2.50 m3 d-1 and from 2.78 to 4.32 m3 d-1 for individual OCPs with the average 
of 3.43 m3 d-1, respectively. The latter is quite comparable to the value (3.78 m3 d-1) calculated based on 
the evaporation loss of 13C labeled compounds in depuration study.  For PAHs, the average sampling rate 
is obviously offset partially by the lower values of low molecular weight (LMW, with 2 ~ 4 aromatic 
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rings) compounds, while the sampling rates for high molecular weight (LMW, with 5 ~ 6 aromatic rings) 
PAHs range between 2.28 and 4.50 m3 d-1 with the average of 3.21 m3 d-1.  
 
From the uptake trend analysis above mentioned, it can be seen that the reason for these variations is 
less likely to be due to PUF disk saturation, but more likely related to other factors such as environmental 
conditions and physico-chemical properties of the target compounds. 
 
Under a stable atmospheric environment such as in the designed chamber, it is typically assumed that 
the transfer of chemicals to the PAS is limited by molecular diffusion across a stagnant boundary layer 
adjacent to the sampling medium. The mass transfer coefficient kA should be related to the molecular 
diffusivity (Dair) of the sampled compounds in the atmosphere. Dair increases with decreasing molecular 
size and increasing temperature [10]. This tropical environment is characteristic of uniform high 
temperature and the effect of temperature variation on kA might be minimized, while their molecular mass 
and molecular volume of the individual compound may be one of the important reasons for the difference 
of kA for LMW and HMW PAHs. 
 
The partial sampling of particle-bound POPs by the PAS also has to be considered [10]. Those 
compounds with higher KOA values would be partitioned into particles and are likely to be scavenged by 
the sampler. This partial sampling of particles can lead to over-estimation of the mass of POPs collected 
in PUF disks and consequently over-predict the sampling rates. In this study, this effect may also be 
reduced by the uniform high temperature. More POPs prefer to be in gaseous phase through gas/particle 
partitioning process and even the particulate fractions of POPs with high KOA are generally lower than 
those in temperature zones [11]. However, the detailed effect of this partial sampling in this area should be 
further investigated in the future study.  
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